Expressions are reviewed which may be used to determine 10 Dq and B from the spin-allowed bands in the optical spectra of d 3 and d 7 electron systems within octahedral and tetrahedral sym metry. Application to low-temperature single crystal spectra demonstrates that (i) the semi-empirical ligand field theory reproduces transition energies with sufficient accuracy; (ii) differences in the values of 10 Dq and B observed with different fitting methods may be attributed to the inaccuracy of experimental data; (iii) there are generally valid values of B35 and /?33 for each complex ion.
The semi-empirical ligand field theory provides means to completely determine the electronic d -d spectra of transition metal ions of octahedral symmetry in terms of three parameters: the octahedral splitting parameter 10 Dq ( = A) and the interelectronic repulsion parameters (= Racah parameters) B and C which are linear combinations of the Condon-Short ley parameters F2 and
1 . An analogous statement applies to tetrahedral symmetry and one or two additional parameters (e. g. Ds and Dt in tetragonal environment) are required if the symmetry is lower than cubic. In general, the numerical values of the parameters B and C, as determined from d -d spectra, are lower than the values in a free transition metal ion. This observation is well known as the nephelauxetic effect 2 ' 3 .
In the first part of this study 4 , the author has recently reviewed and tested methods which may be used to determine 10 Dq, B, and C from electronic spectra. To focus the attention on the value of B, these methods were applied to the spin-allowed d -d bands in high-spin d 2 , d 3 , d 7 , and d 8 complexes of octahedral and tetrahedral microsymmetry. In the expressions of the corresponding transition energies, the parameter C does not occur 5 . In addition, 10 Dq may always be fixed by a suitable choice of the calculation method. A convenient check on the accuracy of the employed numerical procedure is provided by calculating the extra band energy, if
Requests for reprints should be sent to Doz. Dr. E. KÖNIG, Institut für Phys. Chem. II der Universität Erlangen-Nürn-berg, D-8520 Erlangen, Fahrstr. 17. those complex ions are considered where all three spin-allowed d -d bands are observed. Room temperature solution and single crystal spectra of almost fifty complexes and impurity ions of the transition metals were subject of the analysis. The results 4 may be summarized as follows:
(i) The accuracy of B and 10 Dq depends on the method adopted to their calculation. Consequently, certain methods may be selected which provide the "best" possible fit to the experimental data; (ii) Given a specific method of calculation, an unsystematic variation in the deviations between calculated and observed transition energies is often encountered. It was suggested that this is due to insufficient accuracy of the experimental room temperature (solution) data.
In the present contribution, the same methods as used previously 4 will be applied to single crystal spectra measured at cryogenic temperatures. It will be demonstrated that results somewhat different from those of room temperature spectra are obtained.
I. Ligand Field Theory of d 3 and d 7 Ions in Cubic Fields
The general treatment of ligand field theory is adequately covered in several textbooks [7] [8] [9] to which E. KÖNIG reference is made here. With respect to the single crystal data available at present, we will concentrate primarily on the theory of d 3 (1)
The parameter B may then be obtained according to four different methods: (a) fitting the second band,
(b) fitting the third band,
(c) fitting the sum of the second and third band,
(d) fitting the difference between the second and third band,
The expressions (1) There are again four different methods which may be employed to obtain the parameters 10 Dq and B: (a) fitting the first and second band,
(b) fitting the first and third band,
(c) fitting the second and third band,
(d) fitting the difference between the first and second band,
II. Application to Single Crystal Spectra
In order to asses the accuracy of the parameter values of 10 Dq and B, the equations listed in section I will be applied below to some recent low temperature single crystal spectra. Following the first part of this study 4 it will be assumed, for the sake of argument, that the three-parameter (10 Dq, B, C) theory is valid exactly. The question then arises about the significance of the calculated transition energies. In ligand field theory, all energy differences are calculated at a constant value of 10 Dq (viz. "vertical" transitions in the Tanabe-Sug a no diagram). Since the relation 10 Dq ~ R~5 holds to a reasonable approximation 10 , this is equivalent to a fixed metal-ligand distance, R. In the spin-allowed d -d transitions considered here, the states involved originate in different strong field configurations g e g and, consequently, the potential minima of the excited state and the ground state do not coincide. The calculated transition energy corresponds, therefore, to the energy of a transition from the zero-point vibrational level of the electronic ground state to an excited vibrational level of the excited state (cf. "vertical" transition according to the Franck-Condon principle).
As far as the comparison between theoretical and experimental energies is concerned, two limiting conditions may be distinguished:
(i) In centrosymmetric (e.g. octahedral) complexes, all d -d transitions are rigorously forbidden on the basis of parity. The forbidden electronic transitions may gain intensity through coupling to odd vibrations (vibronic mechanism n ). At low temperatures, each band thus consists of a progression in one or more even vibrations superimposed upon one quantum of the odd ("permitting") vibration. The no-phonon (0" -> 0') band is absent or of very weak intensity 12 . Therefore, within reasonable approximation, the calculated vertical transition energy should be associated with the maximum of the vibronic band determined, in principle, at 0 °K.
(ii) In non-centrosymmetric (e. g. tetrahedral) complexes, the d -d transitions become partly allowed on account of mixing with odd-parity states of the central ion (e.g. p states 11 ). One observes, at low temperatures, a progression in the totally symmetric vibrational mode originating in the nophonon (0"->-0') band. Normally, the highest intensity would be expected in one of the higher vibrational sub-bands 0"->n/eveil. However, in the example studied at present 13 ' 14 , the most prominent band is associated with the no-phonon transition. This situation is encountered if ground and excited state potential minima occur at the same internuclear distances 12 . It has been suggested 13 , therefore, that the geometry of the Co 2 ® ion in the relevant excited states is not greatly different from that in the ground state. Here it may be more appropriate to approximate the calculated vertical transition energy by the average of the energies of the no-phonon bands in the most intense spin-orbit components determined again, in principle, at 0 °K.
If the temperature is increased, in both cases higher vibrational levels of the electronic ground state become successively populated and the corresponding band in the electronic spectrum is progressively shifted to lower energy 15 . The magnitude of the shift is dependent on the distribution of the vibrational levels in the electronic ground state and on the intensity of the resulting hot bands and will differ from compound to compound. Therefore, in general, spectra measured at higher than cryogenic temperatures cannot compare favorably with theory.
III. Results and Discussion
Results of the present analysis are compiled in Tables 1 to 3 . For each compound, experimental transition energies determined according to section II are listed in line 1. Subsequent lines contain the calculated transition energies, their deviation from the corresponding experimental value, dv -''calc (in cm 1 and in percent), and the values of the parameters B3-and ßS5 . In Table 2 , values of 10 Dq and of the deviation, (5(10Z)g), from the value of v2 -vt are listed in addition. Each line applies to a different method marked with reference to section I.
In the octahedral d 3 configuration, the only well evidenced low-temperature single crystal spectrum where the 4 A2g -> b 4 Tig transition has been unequivocally assigned is that of VC12 16 ' 17 . If the quasimolecular model is assumed type (i) behaviour is expected. No fine structure has been observed in the 4 A2g -> 4 T2g and 4 A2g a 4 Tig bands, and thus the band maxima listed in Table 1 are associated with the vertical transition energies. In the 4 A2g-> b 4 Tlg band where a vibrational progression in a mode of ~ 234 cm -1 is encountered, the first prominent vibrational component (viz. 22,244 cm -1 ) seems to well approximate the centroid of the band (viz. Fig. 1 of 1. c. 18 ). The parameter values calculated by KIM et al. 16 are incorrect, since applying eq (1) the fit was based on the estimated energy of the no-phonon transition. No suitable data on the d 3 configuration in tetrahedral environment are known.
Recently, low temperature single crystal spectra of RbCoCl3 and of the Co 2 ® ion in several chloride lattices became available 19 . The a 4 Tig ground state of the octahedral d 7 configuration is split by spinorbit interaction into the -T6, r8 a , .T8 b and .T7 levels in the order of increasing energy 20 has been effectively stabilized against the action of the Jahn-Teller effect. Thus, assuming type (i) conditions, the experimental energies included in Table 2 were obtained directly from the reported spectra. If a vibrational structure was observed (viz. the a 4 Tlg-> 4 T2g band in CsMgCl3 : Co 2 ® and in LiCl : Co 2 ®), the centroid of the vibronic band was estimated. It should be observed that, due to its low intensity ("two-electron jump"), a high experimental uncertainty should be assumed for the a 4 Tlg (t|g e 2 ) 4 A2g (4 e 4 ) band. In the single crystal spectra of tetrahedrally coordinated Co 20 ions, type (ii) conditions are prevalent and the experimental energies are determined accordingly. Thus, in ZnO: Co 20 , it is the energies of the highest intensity (no-phonon) vibrational bands which are listed in Table 3 , since individual vibrational components at higher energies are considerably weaker in intensity 14 . In ZnAl204 : Co 2 ®, the transition energies employed in Table 3 are mean values of the most intense no-phonon bands in each of the electronic transitions 13 . It should be kept in mind that, due to the complicated structure of the bands, the totality of the weak vibrational transitions may still contribute a significant fraction to the overall transition energy 21 .
Inspection of the results which have been collected in Tables 1, 2 , and 3 reveals considerable differences to the results from room temperature (solution) spectra 4 Table 2 , differences between results obtained by methods (b), (c), and (d) are somewhat larger but still considerably smaller than in the room temperature spectra 4 . In addition, the smallest differences are encountered in those spectra where the best resolution in the a 4 Tl!? 4 A2g. band has been achieved, cf. CsCdCl3 : Co 2 ® and LiCl : Co 2 ®. Thus, if the complications inherent in the data are taken into account, the results of octahedral Co 2 ® ions are similar to those discussed above.
IV. Summary and Conclusions
We have reviewed expressions which were derived previously, on the basis of the semi-empirical ligand field theory, to determine 10 Dq and B from the spin-allowed bands of d 3 and d 7 electron systems of octahedral and tetrahedral stereochemistry. These equations were applied to low-temperature single crystal spectra of suitable compounds and the extra band energy was calculated.
Provided the spectral data employed are representative for most systems of the studied electron configuration, the conclusions arrived at are as follows :
(i) the semi-empirical ligand field theory reproduces quite accurately the transition energies, at least in spin-allowed bands of d 3 and d 7 systems of cubic symmetry; (ii) the differences in the parameter values 10 Dq and B resulting from the application of different fitting methods are due essentially to inaccuracy of the experimental data; (iii) there exist generally valid values of the interelectronic repulsion and nephelauxetic parameters B35 and ß35 for each complex ion which, however, may be determined only if sufficiently accurate experimental data are available. This study has been sponsored in part by research grants of the Deutsche Forschungsgemeinschaft, the Stiftung Volkswagenwerk, and the Fonds der Chemischen Industrie whose support is gratefully appreciated.
